Renal tumors with complex or unusual morphology require extensive workup for accurate classification. Chromosomal aberrations that define subtypes of renal epithelial neoplasms have been reported. We explored if whole-genome chromosome copy number and loss-of-heterozygosity analysis with single nucleotide polymorphism (SNP) arrays can be used to identify these aberrations and classify renal epithelial tumors. We analyzed 20 paraffin-embedded tissues representing clear cell, papillary renal and chromophobe renal cell carcinoma, as well as oncocytoma with Affymetrix GeneChip 10K 2.0 Mapping arrays. SNP array results were in concordance with known genetic aberrations for each renal tumor subtype. Additional chromosomal aberrations were detected in all renal cell tumor types. The unique patterns allowed 19 out of 20 tumors to be readily categorized by their chromosomal copy number aberrations. One papillary renal cell carcinoma type 2 did not show the characteristic 7/17 trisomies. Clustering using the median copy number of each chromosomal arm correlated with histological class when using a restricted set of chromosomes. In addition, three morphologically challenging tumors were analyzed to explore the potential clinical utility of this method. In these cases, the SNP array-based copy number evaluation yielded information with potential clinical value. These results show that SNP arrays can detect characteristic chromosomal aberrations in paraffin-embedded renal tumors, and thus offer a high-resolution, genome-wide method that can be used as an ancillary study for classification and potentially for prognostic stratification of these tumors.
Each year in the United States, there are approximately 31 900 cases of kidney and upper urinary tract cancer, which account for approximately 3% of adult malignancies and result in more than 11 900 deaths. 1 Current classification of renal cell carcinoma is primarily based on histological appearance, the cell type of origin and its growth pattern. The most common malignant types of renal cell carcinoma are clear cell (75%), papillary (10%), and chromophobe (5%). Another common renal neoplasm is oncocytoma, which is a benign renal epithelial tumor thought to arise from intercalated cells. Although the majority of renal cell tumors are of the clear cell or papillary types; there is a subset of renal cell tumors that show morphologic characteristics that preclude their classification into one of the common diagnostic groups included. Assignment of a tumor to the 'renal cell carcinoma, unclassified' category as per the 2004 WHO classification, can be due to the presence of unusual morphologic features, the presence of two or more morphologic types within the same tumor, complete sarcomatoid transformation or predominant oncocytic/granular features which can be present in all renal cell carcinoma subtypes. 2 Immunohistochemistry appears to be a reliable method for routine identification of common variants but fails to resolve oncocytic neoplasms and other less common variants. 3 Accurate classification of renal cell tumors is important, as different morphologic subtypes require specific therapeutic management due to markedly different prognosis and response to therapy. 4 Specific genetic abnormalities have been found in different types of renal cell tumors. 5 The majority of clear cell type renal cell carcinomas have deletions in the short arm of chromosome 3 (À3p), while papillary renal cell carcinoma usually presents with trisomies of chromosomes 7 & 17 and/or loss of chromosome Y, although the frequency of these alterations is lower in papillary type 2 tumors compared with type 1. 6 Other types of renal cell tumors have deletions or losses on other chromosomes. 5 Given the presence of characteristic chromosomal aberrations, conventional cytogenetic analysis, fluorescent in situ hybridization (FISH), and array comparative genomic hybridization (CGH) have been used to aid in classification of renal tumors. Karyotyping requires the availability of fresh tissue and has coarse resolution with a detection limit of 43 Mb, thus small chromosomal aberrations are missed by this approach. 7 FISH offers higher resolution, but with a narrow focus; thus, it can find only what the probes are designed to look for and cannot see what is occurring throughout the genome. Array CGH, which can provide genome-wide copy number information, has been used to classify renal cell tumors by histologic type. 8 Single nucleotide polymorphism (SNP) arrays were originally designed and applied to genetic association studies, but their use has been successfully extended to the direct detection of structural variations in cancer. [9] [10] [11] [12] [13] [14] [15] The advantages of SNP arrays over other techniques include the ability to assess copy number and genotype in one assay, high resolution, scalability and automation, ease of scoring, single-primer assay methodology, minimal total genomic DNA needed, stringent quality control manufacturing, and relatively low cost. 16, 17 The potential clinical applications for SNP microarrays in cancer diagnostics, prognostics, and therapeutics are evident, and several groups have demonstrated its utility in both fresh and paraffin-embedded tissues. 15, [18] [19] [20] Importantly, this technique can detect copy neutral loss of heterozygosity (LOH) events, which comprise 50-70% of the LOH detected in human tumors. [21] [22] [23] Karyotyping, FISH, and array CGH cannot detect copy neutral LOH lesions.
The goal of this study was to determine if formalin-fixed, paraffin-embedded samples from the four most common subtypes of renal tumors (clear cell, papillary, chromophobe, and oncocytoma) could be classified based on chromosomal copy number aberrations and LOH detected by SNP arrays. We propose that this technique can be used for accurate classification of renal tumors, especially in the setting of complex morphology.
Materials and methods

Tissue Samples
Twenty-one FFPE tumor/normal pairs and two tumor samples without matching normal tissues were obtained from the Health Sciences Tissue Bank of the University of Pittsburgh. When available, paired normal tissue was taken from a separate paraffin block that did not contain tumor tissue. The study cohort consisted of five samples from clear cell and chromophobe tumors; six samples from oncocytoma and seven samples from papillary renal cell carcinoma. Samples were de-identified and obtained through an honest broker system with appropriate IRB approval. 24 Four of these samples (one from each morphologic group) have been reported previously in the manuscript describing the SNP array assay utilized for this study. 25 Ten 10 mm slides and a corresponding hematoxilin and eosin stained slide were obtained for all samples. All cases were reviewed by two pathologists (FAM & AP) to verify the reported diagnosis. The hematoxilin and eosin stained slides were evaluated by a pathologist (JPB or FAM) for selection of areas to be analyzed in normal and tumor tissues. Three additional samples from renal tumors with a complex morphology (renal cell carcinoma, unclassified) were analyzed separately after all samples in the 'training' cohort were processed.
Sample Preparation and Extraction
DNA was obtained from four to five 10 mm paraffin sections according to a previously described protocol for deparaffinization and DNA extraction. 25 DNA was quantitated on a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE). All samples processed for downstream analysis in this study had an OD 260/280 ratio higher than 1.8.
SNP Array Assay
Samples were processed with a FFPE optimized protocol developed in our lab, based on the GeneChip Mapping 10 K Xba Assay Kit (Affymetrix, Santa Clara, CA, USA) and whose performance has been described previously. 25 All samples with 12-20 mg of PCR product were then fragmented and labeled according to the standard Affymetrix Genotyping protocol. The samples were then hybridized on GeneChip s Mapping 10 K 2.0 arrays (Affymetrix, Santa Clara, CA), for 16 h at 481C in a GeneChip 450 hybridization oven (Affymetrix, Santa Clara, CA) at 60 r.p.m. Once hybridization was complete, the used hybridization solution was removed and stored at À801C. The arrays were washed and stained according to the Affymetrix Genotyping protocol. After scanning, quality control for all samples was reviewed prior to data analysis. The data discussed in this publication have been deposited in NCBI's Gene Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo/) and are accessible through GEO Series accession number GSE9469. 26 
Data Analysis
Data acquired from the Affymetrix GeneChip Operating System v4.0 (GCOS) was analyzed using Affymetrix GeneChip Genotyping Analysis Software (GTYPE) 4.1. The quality control parameters evaluated for each sample were signal detection rate (the percentage of features in the array that show adequate fluorescence intensity) and the SNP call rate (rate of successful allele identification). 18 All samples used in downstream analysis had SNP call rates 485%. LOH and copy number estimates were obtained using a publicly available analysis package: Copy Number Analyzer for Affymetrix GeneChip arrays (CNAG 2.0). 16 The CNAG algorithm takes into account variation across different experiments and optimizes the selection of best fit references. Copy number estimates for each SNP are based on the log 2 ratios of the signal intensity for the two alleles (all perfect match probes) on the test sample against the reference. Data from the X chromosome was not analyzed, as the samples were not gender-matched. PCR kinetics contribute to inter-experiment variability, and to compensate for this CNAG performs two quadratic regressions, one for length and one for GC-content of PCR products. The s.d. of the log 2 ratios across the genome is an indicator of the variability of data (noise) within a single array. To further reduce the s.d., CNAG optimizes the reference by averaging multiple samples with the lowest s.d. (selected 'best-fit' references). Copy number inference is done by both local means analysis (log 2 ratios) and a hidden Markov model in CNAG. Copy number moving average and LOH likelihood threshold were both set to 20. The range of PCR fragment length for each individual sample was adjusted as recommended by other groups for analysis of DNA derived from formalin-fixed paraffin-embedded tissues. 18 Further normalization was performed by selecting diploid areas for each sample, as described by CNAG developers. 16 For the chromophobe carcinoma samples, the diploid region was set based on the results of the allele-specific analysis using selfreference. This is important to avoid artifactual trisomies in hypodiploid samples. We performed hierarchical clustering using the median of log 2 ratios for all SNPs in a chromosomal arm, using Pearson centered distances with centroid linkage rule with the ArrayAssist 5.2.2 software (Stratagene, La Jolla, CA).
For the three samples with complex morphology, a SNP-based diagnosis was rendered by a pathologist not involved in the sample selection/ evaluation (JH). The diagnosis was established by evaluating chromosomal copy number aberrations and LOH in each sample from the CNAG output and determining the assignment with the following criteria: clear cell carcinoma: À3p, papillary carcinoma: þ 7/ þ 17, chromophobe carcinoma: À1, À2, À6, À10, À13, À17 and oncocytoma: À1, normal or other isolated copy number aberrations. Hierarchical clustering was not used to determine the SNP-based diagnosis.
Results
Performance of the SNP Array Assay in FFPE Samples
Twenty-one tumor/normal pairs and two nonmatched tumor samples representing four subtypes of renal tumors were processed with a modified SNP array mapping assay protocol. 25 All samples yielded adequate DNA quantity for the SNP array assay. Fifteen samples generated good quality array data (485% SNP call rate) on first attempt, six samples generated good quality data upon repeat and two samples were excluded due to having SNP call rates o85% and high s.d. for the log 2 ratio data (papillary carcinoma samples PRCC4 & PRCC7). One case of oncocytoma was excluded from the study because it belonged to a patient with familial oncocytosis and did not represent a common case of sporadic oncocytoma (OC3). Thus the final cohort had five samples from each diagnostic group. Characteristics of tumor samples used in this study are presented in Table 1 .
Chromosome Copy Number Aberrations and LOH
The chromosomal copy number aberrations and loci of LOH derived using the SNP arrays were in agreement with those reported in the literature for each subtype and are summarized in Table 2 . An example of a whole genome display from a characteristic sample from each group is shown in Figure 1 and whole genome displays for all samples are shown in Supplementary Figures 1-4 . Loss of all or part of the short arm of chromosome 3 is a distinctive feature of clear cell tumors, and was detected in all five samples from this group by the SNP arrays. Four out of five papillary carcinoma samples demonstrated the characteristic trisomies of chromosomes 7 and 17, while one papillary tumor failed to show these aberrations and showed other chromosomal changes. The chromophobe carcinoma cohort showed losses affecting multiple chromosomes. Oncocytomas showed either no detectable chromosome copy number aberrations, losses in chromosome 1 or trisomy 19. Confirmation of copy number changes (by array CGH) and LOH (by microsatellite analysis) on a representative sample from each subtype has been reported previously. 25 In addition to the characteristic changes reported, the SNP arrays identified additional copy number aberrations in the majority of these tumors ( Table 2) . This papillary tumor corresponded to type 2 histology. One of the chromophobe carcinoma samples, CHRCC5, displayed some, but not all of the characteristic losses seen in the other four chromophobe RCCs in this study, in this case, there was partial loss of chromosome 1 and no losses of chromosomes 10 and 13. This case had no specific morphologic features that could distinguish it from other chromophobe RCCs. There was no association between Fuhrman nuclear grade and specific chromosomal aberrations in any of the RCC subtypes. Oncocytomas showed very few copy number aberrations, with no repeating pattern, except for partial or complete loss of chromosome 1. We performed hierarchical clustering on the median of the log 2 ratios for all SNPs in a chromosomal arm. As shown in Figure 2a , all samples in the chromophobe and clear cell groups show distinct clusters. All papillary carcinomas with trisomy 7/17 formed a separate cluster that included oncocytoma sample OC6. Interestingly, both this sample (OC6) and one of the papillary carcinoma samples showed focal gains in 1p and trisomy 19 (see Supplementary Figures 2 and 4) . Oncocytoma samples with monosomy 1 are seen separate along with papillary carcinoma sample PRCC3, which also has monosomy 1. OC1 (labeled OC in Figure) does not belong to any cluster. When only chromosomal arms that show gain/loss in a single group were considered in the clustering algorithm (Figure 2b ; chromosomes 2, 3p, 5, 6, 7 and 17), well-defined clusters for clear cell, chromophobe and papillary tumors are seen. By focusing on these chromosomes, clear separation of OC6 from the papillary carcinoma group ( þ 7/ þ 17) is achieved. As expected, papillary carcinoma sample PRCC3 does not cluster with the rest of the samples in the papillary carcinoma group.
Application to Morphologically Challenging Tumors
In the initial cohort, all tumors had a definitive diagnosis based on morphology, as confirmed by two pathologists. As a proof of concept to investigate the utility of this approach in clinical practice, we applied this strategy to three cases of renal neoplasms where a subclassification of the renal tumor could not be definitively rendered based on morphology and other ancillary studies such as immunohistochemistry and/or FISH ( Figure 3 and Table 3 ). As shown in Figure 3d , in all three cases, the SNP array results unambiguously detected the presence or absence of chromosomal aberrations characteristic of one of the four renal epithelial groups studied in the initial cohort. Clustering analysis of these samples with the focused chromosome data (2, 3p, 5, 6, 7 & 17) along with the 20 renal tumors with unambiguous diagnoses from the initial cohort shows sample MC14 clustered with the oncocytoma samples OC2 and OC5, consistent with the absence of copy number aberrations in this sample. MC19 shows the presence of 3p-and thus it clusters closely with the clear cell group (Figure 3e) . In addition, this sample shows trisomy 7, also observed in other clear cell samples. MC23 shows only focal copy number increase in chromosome 19, a pattern most consistent with the oncocytoma group. Interestingly, in the clustering algorithm, this sample does not show close similarity to others.
Discussion
Renal cell carcinomas are a morphologically and clinically heterogeneous group of neoplasms arising from the renal tubular epithelium. Morphological distinction among these subtypes is generally straightforward. However, a subset of cases may be morphologically complex and require ancillary studies for classification. Although the chromosomal aberrations that characterize each subtype of renal epithelial neoplasms have been known for some time, this knowledge is not routinely used in the diagnostic evaluation of these tumors. Pathologists often rely on immunohistochemistry and in some cases FISH to aid in the classification and prognostic stratification of morphologically challenging renal tumors. Immunohistochemistry is usually helpful; however many cases can show noncharacteristic profiles. 3 Given the clinical relevance of accurately classifying patients for prognostic implications and therapeutic decisions, 4 there is a need for diagnostic tools that reliably detect and quantify genetic variations diagnostic for each subgroup. Our results show the potential utility of SNP arrays in the routine clinical evaluation of renal epithelial tumors, especially those that do not present characteristic morphologic features that allow a definitive diagnosis on routine surgical pathology examination.
Alternative methods of detecting chromosomal aberrations are available, such as karyotyping, FISH, SKY, CGH and array CGH. Of these, only FISH, array CGH and SNP arrays are best suited for routine clinical use with paraffin embedded tissues. We have chosen the SNP array platform for its genomewide coverage, the ability to assess copy number and genotype in one assay, the ability to use paraffin-embedded tissues, the ability to detect copy neutral LOH and reduced cost. These are all significant advantages of copy number analysis with SNP arrays when compared to other methods. Like array CGH, SNP arrays cannot detect inversions and translocations. However, with exception of the translocations involving Xp11.2 in renal cell tumors from young patients, 28 chromosomal translocations do not seem to play a significant role in the pathogenesis of the most common subtypes of renal tumors.
We have previously shown that SNP arrays can reliably detect chromosome copy number aberrations and LOH in paraffin-embedded tissues with the use of an optimized protocol. 25 In this manuscript, we have analyzed 47 paraffin-embedded tissue samples from routine archival material (26 tumor and 21 normal specimens) and 45 of them yielded good quality data, which confirms the reliability and performance of this method with clinical samples. The SNP array call rates obtained with the renal tumor samples are well within those accepted as adequate for copy number analysis in paraffin-embedded tissue with this technology (70-90% call rates), 19, 29 and for reliable LOH analysis. 25 Furthermore, copy number aberrations and LOH detected by the SNP arrays were in agreement with the genetic abnormalities described in the literature for the different types of renal 6, 30 This highlights the necessity of expanding the study to more renal cell tumors with whole genome analysis to define the frequency of this pattern in the papillary type 2 carcinoma group. It is important to note that the detection of copy number aberrations in tumors can be complicated by the presence of normal tissue (normal contamination), which can lead to false negatives. The ability to macrodissect tissue from a paraffin embedded section permitted us to minimize normal tissue contamination.
Importantly, our study has only 20 cases from the most common types of renal neoplasms and does not include all other, less frequent, sub-types of renal tumors (including the two papillary subtypes). However, the patterns of chromosomal gains/losses we observed confirm the presence of these aberrations in the four tumor subtypes studied and illustrate how this genomic information can be of diagnostic utility. Studies to expand our cohort of these tumor types and to analyze other less common subtypes are underway. An advantage of using a genome-wide strategy is the possibility of detecting additional aberrations that would have been missed by routine FISH panels or LOH analysis. As shown in Table 2 and the Supplementary information, we identified chromosomal abnormalities, in addition to those expected in the specific tumor type, in almost all cases or renal cell carcinoma. Most of the additional chromosomal abnormalities found in this study are in agreement with published findings and some have been associated with aggressive behavior or progression. 27 Our results confirm that additional copy number aberrations are quite frequent and although we have a relatively small set of samples, some of these lesions seem to define specific subsets of tumors (eg clear cell carcinoma with þ 5/ þ 5p). Also, isolated chromosomal aberrations were seen in two oncocytomas, partial gain of chromosome 7 and trisomy 19. Interestingly, the oncocytoma with þ 19 represents a 21 cm oncocytoma. Presumably, this fairly large tumor has had a long growth period and thus it is possible that this aberration reflects an acquired genetic change during this long period. At this point, it is not known whether these tumor subsets are clinically relevant. It is possible that these abnormalities could account for variations in tumor aggressiveness and/or response to the therapy. It is important to note that as many as 30% of surgically treated patients develop metastases 31 and approximately 20% of T2 tumors (organ confined) show disease-related mortality which cannot be accounted by histologic grade. 32 Retrospective analysis of more renal cell tumors in this category, with whole genome SNP arrays, will allow us to determine if these copy number aberrations are associated with prognosis and/or therapeutic response.
To explore the use of this technique in the diagnostic workup of morphologically challenging renal tumors, we analyzed three cases where the final classification after routine pathology was not definitive (renal cell carcinoma, unclassified). Two of the cases consisted of eosinophilic neoplasms with features of chromophobe carcinoma (such as perinuclear clearing and colloidal iron positivity) along with features of oncocytoma (nesting pattern) (Samples MC14 and MC23, Table 3 ). These cases illustrate a common differential diagnosis between oncocytoma and eosinophilic variant of chromophobe renal cell carcinoma. This situation is of particular importance, since it involves the distinction between a malignant neoplasm (albeit with good prognosis) and a benign tumor, with significant medical and psychological implications. Immunohistochemistry is of limited utility in this situation, since staining patterns for these two neoplasms are quite similar. 3 As reported previously by Brunelli and colleagues, detection of losses of chromosomes 2, 6, 10, or 17 effectively excludes the diagnosis of oncocytoma and supports the diagnosis of chromophobe renal cell carcinoma. 33 Our results show that the 10 K 2.0 SNP array results can reliably distinguish between oncocytoma and chromophobe renal cell carcinoma in a single assay with DNA obtained from formalin-fixed paraffin-embedded tissue. The chromophobe carcinoma group shows losses affecting multiple chromosomes thereby providing a constellation of chromosomal aberrations, which readily distinguish chromophobe tumors from other types of renal epithelial neoplasms. In the third case (MC19), the consideration is of a tumor with mixed papillary architecture and clear cell morphology with granular features in a patient with multiple bona fide clear cell and papillary tumors. No family history or cancer was disclosed to the pathologist. This is a complex case where the differential diagnosis includes clear cell, papillary and chromophobe renal cell carcinoma. The diagnosis of mixed tumors (renal cell carcinoma, unclassified) is not an uncommon situation, which has implications in prognosis and therapeutic decisions. In this case, positive RCC antigen and CD10 suggest that this tumor could be of clear cell origin but the CK7, BerEp4 and colloidal iron positivity, along with the morphologic features precluded the pathologist from issuing a definitive classification, since these are features of papillary and chromophobe carcinomas. The chromosome copy number analysis with SNP array clearly identified chromosomal loss at 3p and confirms that this tumor is a clear cell renal cell carcinoma. These real-life examples are indicative of how this assay could be incorporated in everyday clinical practice for the pathologic evaluation of renal epithelial neoplasms.
Although it is common for ancillary studies to have subjective interpretations rendered by experienced pathologists and technicians, the results from the chromosome copy number analysis with SNP arrays are easy to interpret. Furthermore, the output can be readily related to a conventional karyotype, so clinicians and pathologists are already familiar with chromosome copy number information and its meaning. In addition, we explored the use of hierarchical clustering using the median copy number of each chromosomal arm for sample classification. Although hierarchical clustering is useful as another way of visualizing our results, this tool failed to adequately resolve the oncocytoma group, despite the fact that this group shows absence of characteristic chromosomal aberrations present in other tumor types. We believe that the interpretation can be performed based on the actual copy number/LOH data, along with clinical history, morphology and other studies. By reviewing a whole genome view of the copy number analysis, a pathologist can quickly and reliably recognize chromosome copy number/LOH patterns associated with one of the diagnostic groups. It is important to mention, that for this technology to become the basis of a clinically accepted test, it will be necessary to perform validation studies with larger patient cohorts that adequately represent the frequency of the characteristic chromosomal aberrations in each diagnostic group. Also, correlation with outcome data will be paramount for understanding the diagnostic, prognostic and therapeutic implication of genomic changes in renal tumors.
In summary, our results show that chromosome copy number changes detected by SNP arrays can produce information that a pathologist can use to reliably classify renal tumors into the four most common diagnostic entities. Furthermore, we have applied this technique to a limited number of morphologically challenging cases that could not be resolved by routine pathology but showed characteristic chromosomal abnormalities that would allow classification. These results indicate that, if validated with a larger sample cohort, detection of chromosomal copy number aberrations with SNP arrays has the potential to be a significant aid in the diagnosis and prognostic stratification of renal epithelial tumors.
